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ABSTRACT

The precise environmental conditions necessary for

the intergranular corrosion of austenitic stainless
steels have been detexmined by potenﬁiostatic methods.
Intergranular corrosion of sensitized 18Cr - 8Ni stain-
less steel only occurs in limited potential regions.
These results have been used to develop a new method
for rapidly predicting the intergranular corrosion
tendencies of various sulfuric acid environments.

It is also shown that sensitized stainless steels

may be used in many media without the occurrence of

intergranular attack.




(1)

The Chromium Depletion Theory has been successfully
employed to predict numerous measures for preventing the
intergranular corrosion of austenitic stainless steels.
Examples include solution quenching, stabilizaticon with
titanium and niobium additions and the use of low carbon
alloyé?) Although very useful, this theory has a serious
flaw: it specifies the necessary but not sufficient con-
ditions for intergranular attack. A continuous grain
boundary precipitate of chromium-rich carbide is considered
necessary for intergranular corrosi;n. However, many en-
vironments do not selectively attack the grain boundaries

(5,6)
of sensitized stainless steels, and the use of costly
preventative measures is unnecessary. Thus, knowledge of

the environmental conditions which cause intergranular attack

would permit more efficient and economical application of

* This is not completely accurate, since inter-
granular corrosion of austenitic stainless
steels have heen observed in the absence of
grain boundary carbide precipitates (3,4).
These observations are limited to very specific
environments, and thus, the Chromium Depletion
Theory can be considered generally correct.




austenitic stainless steels.

Recent electrochemical s’cudiefs:),—9 have demonstrated
that the intergranular corrosior of austenitic stainless
alloys occurs only in limited potential regions. If these
regions were precisely and completely characterized, it would
be possible to predict, a priori, whether a given environment
will cause intergranular attack on the basis of a corrosion
potential measurement.

The purpose of this investigation was to precisely de-
termine the potential dependence of intergranular attack,
and to test the possibility of predicting the occurrence of
this type of attack in various environments. Sulfuric acid

solutions were chosen for th’'s study since stainless steels

are frequently employed in suct media.

EXPERIMENTAL

A cast, austenitic stainless steel of the CF-8 type was
used for most experimerts since the large grain size facili-
tated viéual observation of intergranular attack. Nickel
content was slightly above normal specifications to insure
absence of ferrite phase. Wrought Type 304 stainless steel
was also included for comparison purposes. The compositions

of these two alloys are listed in Table I.




Rectangular specimens with an area of approximately
7 cm2 were water quenched after one hour at 1100°C (2000°F)
and sensitized by heating at €75°C (1250°F) for 25 hours.
Sracimens were grouid to 00 emery finish, and their dimen-
sions were measured within + 0.001 cm. Prior to testing,
samples were degreased in boiling benzene, rinsed with
doubly distilled water, dried and weighed to the nearest
0.1 mg. All solutions were prepared from reagent grade
chemicals and doubly distilled water.

Two types of corrosion tests were emrlcyed: controlled
potential and conventionel weight loss measurements. A
controlled potential corrosion test is similar to a conven-

tional test except specimen potential is maintained constant

(10,11)
with a potenticstat, All tests were conducted in a polari-
(11-13)
zation cell described elsewhere. This facilitated measure-

ment and control of specimen potential which was measured
relative to a saturated calomel electrode (S.C.E.) with a
Luggin-Haber probe. Temperature was thermostatically con-
trolled within + 1l°C.

Corrosion test duration depended on the severity of
attack with a maximum period of 100 hours. Extended tests

up to 1000 hours yielded results nearly identical to those




obtained during 100 hours. After testing, specimens were
dried, weighed and examined microscopically. To detect fine
grain boundary attacl:, specimens were plastically deformed
before visual examination.

controlled potential corrosion tests were conducted in
pure 1, 5 and 10 normal sulfuric acid at 25°, 40° and 90°C
at various potentials maintained within + 10 mv. Conventional
corrosion testing was performed in these same media with and
+4' +3,

without oxidizer additions (Ce Fe and Cu+2). In some
corrosion tests, specimens were galvanically coupled to

platinum or copper.

RESULTS

Controlled Potential Tests

Intergranular corrosion only occurs in specific poten-
tial regions as shown in Figures 1-3. For convenience, the
observed attack is divided into three categories: general
corrosion, fine intergranular corrosion, and coarse inter-

13 * 3 .
granular corrosion. Interpolation between points has been
used to map zones of intergranular attack, which enlarge with

acid concentration and temperature. Tests with sensitized

* Examples of these three categories are
illustrated in Figures 7-9, respectively.




Type 304 stainless steel (Table II) yielded nearly identical
results.

Overall corrosion rates calculated from weight loss
are plotied in Figures 4-6. These Jata indicate average
overall rates rather than true penetration, since inter-
granular attack is present in some cases. These curves are
very similar to those obtained by potentiostatic anedic

) . (14,15 L
polarization. ) This is expected since applied anodic

current closely approximates actual corrosion rate516'17)
Comparisons of Figures 1-3 with Figures 4-6 shows that
susceptibility to intergranular corrosion begins at approxi-
mately the maxima of Figures 4-6. This demonstrates that
selective grain boundary attack is restricted to the passive

and transpassive regions and does not occur in the active

state in these media.

Conventional Corrosion Tests.

Results of these tests, conducted in sulfuric acid with
and without oxidizer additions, are tabulated in Tabkle III,
Corrosion potentials were measured during testing and are

also listed in the Table. The presence or absence of inter-

granular attack was predicted on the basis of these potentials

and the data in Figures 1l-3. There is complete agreement




between obhserved and predicted results. That is, controlled
potential and conventional corrosion tests are directliy
comparable at constant potential, acié concentration, and
temperature.

The correspondence between controlled potential and con-
ventional corrosion tests is demonstrated more vividly by the
detailed comparisons presented in Figures 7-2. Here, conven-
tional corrosion tests are compared with controlled potential
studies performed at similar potentials. These examples have
been selected to show uniforn (Figure 7), fine intergranular
(Figure 8), and coarse intergranular (Figure 9) attack. 1In
each case, both the type of attack and corrosion rate are
almost identical. The correspondence of visual appearances
is particularly striking. The slight discrepancies in cor-
rosion rates are due to variations in potentials during the

two types of experiments.

DISCUSS1ON

The above experiments demonstrate that bolh the rate
and type of intergranular corrosion in a given environment
are unique functionsof electrode potential. Consistent with
(18,19)

other studies, small amounts of non-complexing oxidizers

such as cerric, ferric and cupric ions, only influence




electrode potential and cdo not alter dissolution behavior.
Oxidizers which form complexes with iron, chromium or nickel
(e.g., chlorine or chlorine-containiny compounds) would pre-
clude such predictions, since they strongly influence disso-
lution kinetics.

The above results and techniques wculd be useful in
engineering applications to predict the intergranular suscepti-
bility of a given environment. There are, however, several
precautions which must be observed. First, the data presented
in Figures 1-3 contains extrapolated points and may be influenced
by time of sensitization. These data may be considered as repre-
sentative of an extreme condition f sensitization which would be
rarely achieved in normal practice. Although there is little
difference between wrought and cast alloys of the 18Cr -~ BNi
type, these results may not apply to other austenitic stainless
steel alloys. Exposure time may also influence results and,
of course, chis should be determined before applying these
methods to long term industrial exposure. However, 100 and
1000 hour corrosion tests yielded identical results and inter-
granular attack, when present, was usually visually apparent

after 10-20 hours. Finally, it is necessary that corrosion




potentialsremain in a region corresponding to general
corrosion if intergranular attack is to be avoided. This
may b2 difficult to achieve or control in some industrial
processes where environmental conditions fluctuate widely.
Aside from these practical problems, this investigation
clearly demonstrates the accurate prediction of intergranu-
lar corrosion susceptibility of sulfuric acid solutions.
Other media, such as phosphoric and acetic acids, could also
be characterized by controlled potential corrosior testing.
Each environment probably possesses unigue characteristics,
since StreichéiO)has shown chat there is no correlation be-
tween intergranular susceptibility in different acid solutions
at nearly constant potential.

Intergranular corrosion can be prevented by altering
the environment as shown in Table III. Removing copper sulfate
from normal H,S0, at 90°C (Test 18) prevents intergranular
corrosion (Test 16). Also, anodic or cathodic protection
could be employed to shift potential to a region of general
corrosion. For example, stainless steel is immune to inter-
granular attack and corrodes at less than 2 mpy in 5N H2504
ac 90°C in the potential range 0.40 to 0.60 volt vs. S.C.E.
(Figures 3 and 6). This potential could be maintained by appro-

priate oxidizer concentration cr by externally applied current.




SUMMARY

1. The intergranular corxosion of sensitized 18Cr-
8Ni stainless steels in sulfuric acid media occurs
in limited potential regions whose limits vary with

acid concentration and temperature.

2. It is possible to rapidly predict the intergranular
susceptibility of various sulfuric acid - oxidizer
mixtures on the basis of corresion potential measure-

ments and contrclled potential corrosion tests.
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TABLE I

Stainless Steel Compositions

(Weight Per Cent)

Cast Alloy Type 304
(CF-8 Type)
Covenn 0.08 C....0.072
Mn....0.74 Mn...0.60
Si....l.22 P....0.024
Cr...18.08 S....0.014
Ni...12.20 Si...0.37
N..... 0.05 Cr..18.75
F2...Balance Ni...8.65
Mo...0.46
Cu,..0.30
Co...0.22

N....0.032

Fe...Balance

e B A ] —ty am—-
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TABELE Il

CONTROLLED POTENTIAL CORROSION TESTS

Sensitized Type 304 Stainless Steel

Environment Potential Immersion Corrosion Observations
(volts) Time (hrs) Rate (mpy)

1N H,S0, at 25°C 0.300 100 0.9 General
Corrosion

1N H,50, at 25°C ~0. 240 100 8.3 Fine IGA

1N H,S0, at 25°C -0.280 98 33 Fine IGA,
Grain dis-
lodgement.

1N H,80, at 90°C 0.940 100 230 Coarse IGA

1N H,50, at 90°C -0.150 43 3700 Coarse IGA,
grain dis-
lodgement.

1N H,50, at 90°C -G. 200 18 7500 Coarse IGA,
grain dis-
lodgement

L e e g - — - - W cmmes s me cemp— - - TR IIAMEMIIPY. _ [W— o T————— . ———y W —- - g e
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TABLE III

PREDICTING INTERGRANULAR CORROSION

Sensitized CF-8 Type Stainless Steel
(100 Hour Maximum Test Duration)

G: General Corrosion. IGA: Intexrgranular Attack
Corrosion Poten- Type of Corrosion
Test Environment tial-Volts vs SCE Predicted Observed
1. 1N HyS04 at 25°C -0.44 to -0.41 G G

2. 1N H280g and Pt couple
at 25°C -0.31 to -0.29 G G

3. 1N H,80, plus 0.2 g/1
CuS04.5H,0 and Pt
couple at 25°C ~-0.24 to ~0,26 IGA IGA

4. 1§ H,S04 plus 0.3 g/1
CuS04.5H90 and Cu
couple at 25°C 0.00 to 0.01 G G

5. 1§ H,S04 plus 2.0 g/l
CuS04.5H90 at 25°C 0.22 to 0.26 G G

6. 1N HpSO4 plus 2.0 g/l
Fey(S04) 3.6H30 at 25°C 0.30 to 0.54 G G

7. 1N H2S804 plus 1.0 g/1

Cce(S04) 5.4H,0 at 25°C 0.87 to 0.94 G G
8. 5 N H,80, at 25°C ~0.41 to -0.36 G G
9. 10N H,80, at 25°C ~0.38 to -0.36 G G

10. 10N H,S04 plus 1.0 g/1
cus0,.5H,0 at 25°C 0.24 to 0,25 G G

11% 10§ H,S04 plus 2.0 g/1
Fe,(S04) 3.6H,0 at 25°C  0.59 to 0.61 G

G

12. 1N H»S04 plus 1.0 g/1
CUSO4.5H20 at 40°c 0.14 to 0.18 G G

.
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Corrosion Poten- Type of Corrosion
Test Environment tial-Volts vs SCE Predicted Observed
13, 1N Hy504 plus 0.5 g/1
Ce(S04) 5.4H,0 at 40°C 0.92 to 0.93 G G
14, SN H5S04 plus 8.0 g/1
Ce(S04) 2.4H0 at 40°C 1.00 to 1.03 1GA 1GA
15. 10N H»SO4 plus 5.0 g/1
Ce(S04) 5.4H,0 at 40°C 1.04 to 1.06 IGA IGA
16. 1N H,S0, at 90°C ~0.43 to -0.42 G G
17, 1N HSO4 and Pt couple
at 90°cC ~0.37 to -0.36 G G
18, 1N H5S04 plus 0.3 g/1
Cus0,.5H,0 at 90°C -0.06 to -0.34 IGA IGa
19. 1N HpS04 plus 4.0 g/1
Cus0,4.5H,0 at 90°C 0.23 to 0.25 IGA IGA
70; 1N HpS04 plus 10.0 g/1
Ce(804) 2.4H30 at 90°C 0.92 to 0.95 IGA IGA
21. 10N H2S804 plus 3.0 g/1
CuS04.5H,50 at 90°C -0.3” to -0.32 G G
22. 10N H,S04 plus 5.0 g/l
Fe,(804) 3.6H,0 at 90°C  0.57 to 0,64 1GA IGA
23, 10N H,S04 plus 5.0 g/1
Ce(S0y},5.4H,0 at 90°c 0.99 to 1,03 IGA IGA

*¥ 1000 Hour Tests
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FIGURES

Intergranular Corrosion of Sencsitized Cast
Stainless Steel in Sulfuric Acid at 25°cC.

QO : General Corrosion
@ : [ine Intergranular Corrosion
®: Coarse Intergranular Corrosion

Intergranular Corrosion of Sensitized Cast
Stainless Steel in Sulfuric Acid at 40°cC.

QO: General Corrosion
@: Fine Intergranular Corrosion
@®: Coarse Intergranular Corrosion

Intergranular Corrosion of Sensitized Cast
Stainless Steel in Sulfuric Acid at 90°cC.

O: General Corrosion
@: Filne Intergranular Corrosion
@®: Coarse Intergranular Corrosion.

Potential vs Corrosion Rate of Sensitized cast
Stainless Steel in Sulfuric Acid at 25°cC.

Potential vs Corrosion Rate of Sensitized Cast
Stainless Steel in Sulfuric Acid at 40°cC.

Potential vs Corrosion Rate of Sensitized Cast
Stainless Steel in Sulfuric Acid at 90°cC.

Comparison of Controlled Potential and Conventional
Corrosion Tests. General Corrosion (100X).

Comparison of Controlled Potential and Conveéntional
Corrosion Tests. Fine Intergranular Corrosion (1C0X).

Comparison of Controlled Potential and Conventional
Corrosion Tests. Coarse Intergranular Corrosion(50X).
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FIGURE 7

A B
Controlled Po- Conventional
tential Test Corrxosion Test¥
Corrosive Media 10N H2804 1.0g. CuSV4.5H,0

per liter 10N H,S0,

Solution Temperature (°C) 25 25
Immersion Time (hours) 100 98
Specimen Potential (V vs S.C.E.) 0.100 0.24 to 0.25
Corrosion Rate (MPY) 1.0 0.5
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* TMTest No. l0-—--see Table III




FIGURE 8

A B
Contgglled Po-~ Convé;tional
tential Test Corrosion Test*
Corrosive Media 1N HyS504 4.0g. CusO4.5H0
per liter 1N H,SC4
Solution Temperature (°C) 90 90
Immersion Time (hours) 100 100
Specimen Potential (V vs S.C.E.) 0.200 0.23 to 0.25
Corrosion Rate (MPY) 5.4 1.9
—— . -

* Test No. 19---see Table III




FIGURE 9
A B
Controlled Po- Conventional
tential Test Corrosion Test¥*
Corrosive Media 1N H,S0, 10g. Ce(S04)2 . 4Hp0
per liter 1N H,S04
Solution Temperature (°QC) 90 90
Immersion Time (hours) 100 100
Specimen Potential(V vs S.C.E.) 0.925 0.92 to 0.95
Corrosion Rate (MPY) 130 205

A B

* Test No. 20 -see Table TII
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